Abstract
Introduction
Over long time periods geological sequestration in some systems also show mineralization effects or mineral sequestration of carbon dioxide, converting the carbon dioxide to a less mobile form. However, a detailed study of these geological systems in many aspects, like petrophysical and geochemical, is needed before disposing of carbon dioxide into these formations. Depleted oil and gas reservoirs and underground aquifers are proposed candidates for carbon dioxide injection. This study is primarily evaluates the effects of carbon dioxide disposal on the geochemical and petrophysical properties of aquifers. For this purpose, two different experimental cases are modeled. The results of the simulation model are compared with published experimental measurements and the variations in porosity and permeability are evaluated with changes in injection rates, temperatures, brine concentration, formation composition etc.
In addition the viability of different permeability-porosity models for the carbon dioxide sequestration process is investigated. Large amounts of carbon dioxide can be injected into deep aquifers. Part of the injected carbon dioxide dissolves into brine which induces chemical imbalances into the system. The in situ pH decreases and the carbonic acid formed in this process react with different rock components to reestablish chemical equilibrium. The typical reactions are dissolution and precipitation reactions of rock matrix and rock components. This results in changes of some petrophysical properties of the formation like porosity and permeability which in turn affect the level of the carbon dioxide sequestration.
The rest of the carbon dioxide which does not dissolve in brine and is in a supercritical state at the conditions of most aquifers being considered may travel towards the top of the aquifer due to the buoyancy forces. The changes in the petrophysical properties because of the precipitation and dissolution reactions may help or hinder the mobility of the traveling carbon dioxide. This study will help to understand this phenomenon by focusing on the following objectives: a) Evaluation of the effect of different parameters like formation composition, injection flow rate, and formation temperature on the carbon dioxide sequestration process b) Determination of suitable porosity-permeability correlations for the process of carbon dioxide sequestration.
Theory of Modeling
The reactive transport model, which is a fully coupled geochemical equation of state model, is based on the information in Nghiem et al [1] that describe the solution approach in detail. Solve of all the equations involved in the process simultaneously and implicitly. The equations involved are, various flow equations, phase equilibrium equations, chemical equilibrium equations, and the mineral dissolution and precipitation rates.
Geochemical Reactions and Mineral Trapping of Carbon Dioxide
The acidic hydrogen dissociated from the carbonic acid reacts with different rock components of the formation. First it dissolves the rock components in the aqueous phase until it gets saturated with the mineral ions and equilibrium is established. This saturated brine migrates underground due to density differences and when it becomes over-saturated with these ions, salts precipitate at some locations causing local decreases in porosity and also subsequent changes in permeability. Some of the commonly occurring geochemical reactions are listed below. These are the reactions for rock components considered in various cases in this simulation study. Fe etc through the reactions (1), (2) and (3) When the brine gets saturated by these metal ions, the rest of the reactions like (4), (5), (6) and (7) proceed in reverse direction fixing carbon dioxide in mineral forms through consumption of bicarbonate ions − 3 HCO .
Application Simulator for Modeling
In this study, the compositional reservoir simulator is used to simulate two different cases of laboratory flow experiments. Flow experiments conducted by Wellman et al. [2] experiments and Izgec et al. [3] are remodeled.
Remodeling of Core Flooding Tests by Wellman et al.
Wellman et al. conducted laboratory flow tests and performed reactive transport modeling for evaluation of Carbone Dioxide-Brine-Reservoir rock interaction. While remodeling, the same number of grid cells is maintained with the same dimensions of 4.5cm×4.5cm in cross section and 0.5cm in length. Modifications were made to the injection and effluent cells. As shown in the Figure 1 , the core is modeled as 102 cells of the same dimensions in one horizontal direction.
The injection wells and the production well are put in the very first and last cells respectively. Unlike the Wellman's model, the injection of fluids is not partitioned across the first four grid cells but is assigned to only the first cell of the model through two injection wells. These two injection wells are placed at the same location in the first grid block. One well serves as brine injector and another serves as carbon dioxide injector facilitating the simultaneous injection of brine and carbon dioxide like the laboratory core experiments. Also the large volume and dimension of the effluent cell in the Wellman et al. [2] model is replaced by a single grid cell at the end of the model with the same dimensions as the other cells.
One production well is placed in the last cell and a well pressure of 13.8MPa is assigned to this well to imitate the constant boundary pressure condition. The first and last cells also had altered porosity and permeability values. These two cells were assigned porosity value of 80% and permeability values of 200D rather than the values of porosity and permeability that were assigned to the remaining cells.
The values for porosity and permeability vary with rock type and are presented later. The actual injection and production of the fluids during the laboratory experiments happens over the entire cross sectional area of the core faces on opposite ends of the core. To make a closer modeling of this situation, the injection and production wells were assigned large well index values. Wellman et al. [2] conducted core flooding experiments using the cores of five different types of rocks systems: pure calcite ( ) CaSO .
Remodeling of core flooding tests by Izgec et al.
Izgec et al. [3] carried out laboratory core flooding experiments with a computerized tomography (CT) monitored system to characterize the relevant chemical reactions associated with injection and storage of carbon dioxide in carbonate formations. They stated that they chose carbonate formations because the main focus of many previous studies was on sandstone formations and little had been done with carbonate formations. Also as opposed to the traditional approach of considering supercritical temperature and pressure conditions for carbon dioxide, they considered sub-critical pressure conditions for their laboratory experiments.
Results ad Discussions

Simulation Results for Porosity and Volume Fraction Changes
In system-A the core-rock composition is mainly dolomite The results by simulation for porosity changes are for the 10 th grid block of the core model which is at a distance of 5cm from the injection point. It can be seen that the porosity changes simulated are smaller compared to Wellman et al. simulation and experimental results. This difference is expected because the reactivity of the calcite is smaller compared to that of the anhydrite fraction used by Wellman et al. [2] . Figure 3 show the results of the changes in porosity along the length of the core at the different time periods.
The changes in porosity at the end of the injection process show an increase in the overall porosity all along the length of the core, from an initial value of 13% to 20%. This may be because of the dissolution of the anhydrite all along the core. The simulator results have the porosity increasing sharply for the first portion of the core diminishing significantly in the latter portion of the core. Some of the times actually show a decrease in the porosity because of the precipitation of calcite
CaCO which is dissolved in the first portion of the core. This simulated result is a very desirable result for the sequestration process as discussed by Wellman et al. [2] . It shows that dissolution near the injection point may help sequestration increasing the storage capacity of the reservoir. It also shows the decrease in porosity towards the production side. This decrease may be because of the mineralization of carbon dioxide or deposition of previously dissolved minerals.
In this case the chances of decrease in porosity are more because of the deposition caused by previous dissolution of the minerals. This result is also very desirable as it shows the possible decrease in porosity and permeability at the outer boundaries of the carbon dioxide plume in an actual sequestration process. This decrease in permeability will act as self-sealing mechanism for the carbon dioxide sequestration as discussed by Wellman et al. [2] . The maximum increase in the porosity is from 13% to a little more than 19.5% and the maximum decrease in porosity is to about 12.7%. Even if this decrease in porosity looks small it should be noticed that, this decrease is for a system which is continuously in the flooding process. This change could be much larger for static systems and could cause enough decrease in permeability to seal the plume of carbon dioxide in the aquifer effectively.
In System-B system the rock composition is considered to be 30% Calcite In System-C system models the core flooding experiment for the rock composed of pure Calcite CaCo . Figure 7 shows the results for this system. These results show that the calcite is dissolving consistently over the entire portion of the core with increasing time. Figure 8 shows the same sensitivity analysis carried, also shows no significant changes in calcite volume fractions for the two sets of pH and brine concentrations. There seem to be unrealistic results for the higher pH and brine concentration values.
In System-D system represents the composition of Berea sandstone as given by Rai et al. [4] . The simulations are carried out for this system with the same conditions of pressure 13.8MPs, temperature 38ºC, and flow rates 21cm/hr for carbon dioxide and 33cm/hr for brine as used for the dolomiteanhydrite experiments by Wellman et al. [2] and the simulations are conducted for the same number of days i.e. 110.9. It can be seen from Figure 9 that the volume fractions of the minerals are essentially same as the initial volume fractions and there is no change at the end of the 110.9 days of injection. Figure 10 shows the porosity ratio, of the porosity at the end of injection to the initial porosity of the core along the length of the core at various times of injection. It can be seen that the porosity change is also insignificant for the Berea sand stone core system. The reason of these small changes in Berea sand stone are because of the high volume fraction of chemically stable Quartz 2 SiO present in the system.
The difference in the core flooding experiments between Izgec et al. [3] and Wellman et al. [2] is that, Wellman et al. [2] injected the carbon dioxide and brine through the core plug simultaneously over the entire period of experiments whereas Izgec et al. [3] injected carbon dioxide and brine in an alternating manner. This same scheme of injection is used to model the experiments. The experimental results by Izgec et al. [3] were digitized and the simulation results are plotted on the same graph. Figure 11 , and Figure 12 show comparisons of the experimental results and simulated results for the changes in porosity with injected volume of carbon dioxide for three different experiments by Izgec et al. [3] that compared for three different experiments carried at different temperatures and flow rates of carbon dioxide. It can be seen from these figures that the simulated results show smaller changes in porosity compared to experimental results. For the smaller flow rate and lower temperature case (Figure 11) , there is an increase in porosity in both the experimental case and the simulated case for up to 80 pore volumes of injected carbon dioxide. After that the experimental porosity starts decreasing to the original value unlike the simulated porosity. Because there are fluctuations in the porosity changes even in the early part of the injection time it can be said that after more injection of carbon dioxide the experimental porosity may increase again like the simulated porosity. At the higher temperature and flow rate (Figure 12 ), the trends of experimental and simulated porosity changes are very similar.
Because parameters like rock and fluid composition are fixed for a particular reservoir formation, the parameters flow rate and temperature of injecting fluid are considered as variables for this parametric study. The following matrix shows the combinations of flow rates and temperatures used for the sensitivity analysis. Figures 13 through 21 show the results of changes in Magnesite, Calcite and Porosity volume fractions along the length of the core after 174 days of simultaneous injection of carbon dioxide and brine at different flow rates and at three different temperatures 38ºC, 45ºC, and 50ºC respectively.
It can be seen that the dissolving front of Magnesite is moving towards right side progressively along with the increasing flow-rates and temperatures. There is no major change in calcite volume fraction as compared to Magnesite but still it could be significant change for the carbon dioxide sequestration process. There is also some precipitation of calcite towards the end of the core plug which can cause a decrease in porosity and help to reduce the permeability of the formation. This is a self sealing mechanism of injected carbon dioxide which is helpful for the sequestration process by making carbon dioxide less mobile. The overall lower dissolution of Calcite can be attributed to the lower reaction rate constant considered for the Calcite dissolution reaction in the present study compared to reaction rate constant considered by Wellman et al. [2] .
The maximum overall dissolution in Calcite volume fraction is found to be little less than 5% (out of initial 30% volume fraction) at 500cm/hr flow rate and 50ºC temperature. Drastic changes in porosity volume fractions are seen in 50ºC temperature. This is because of the sudden changes in the dissolution fronts of the Magnesite volume fractions. The maximum increase in the porosity is found to be up to 30ºC. The lengths of the core with increased porosity are found to same as the lengths of the core with dissolved Magnesite volume fraction. This increase in porosity may be a favorable situation because it can help the carbon dioxide sequestration process by increasing the storage capacity of the formation. Again the increasing trend of porosity is found with the increasing temperature and flow rate conditions.
Porosity-Permeability Correlations
Experimental data for the porosity and permeability changes is available for four experimental cases. Experimental data for changes in porosity and permeability with respect to injected pore volumes of carbon dioxide in the experimental cases respectively was digitized from the papers of Wellman et al. [2] and Izgec et al. [3] . From the experimental changes in porosity, the permeability values are calculated for every experimental case and are compared with the experimental permeability values. In order to verify the porosity-permeability correlations, the linearized functions of these equations are plotted on separate graphs for each experimental case. The Civan's Power Law equation is given as:
Where β and Г are exponent and interconnectivity parameter respectively and α is cement exclusion factor. Table 2 .
Conclusions
1. It has been found in this study that it satisfactorily simulates the results of experimental observations and the permeability results can be improved if the Kozeny-Carman equation is replaced by the Civan Power Law.
2. There are differences in simulated results for changes in porosity along the length of the core with increasing time for simultaneous injection of carbon dioxide and brine. Simulated results show an increase in initial porosity for the first half of the core and a gradual decrease in the porosity for the second half of the core. This decrease in porosity is because of the precipitation of the minerals dissolved in the first half of the core. This is a very desirable effect for the process of carbon dioxide sequestration as it shows the self sealing phenomena of underground carbon dioxide as discussed by Wellman et al. [2] .
3. Simulated results for the quartz-carbonate rock system and the pure calcite rock system is considerably different than the simulated results. This may be due to the fact that interstitial velocity of the injected fluids is not being considered by simulator.
4. Simulated results, for the Izgec et al. [3] experiments also vary significantly from the experimental outputs. The simulated porosity changes are much smaller than the experimental outputs. However, the trends of changes in porosity were found to be similar.
5. When the relevant porosity-permeability models are compared for the experimental observations of changes in permeability, it is found that the Civan Power Law performs the best with the actual results. The regression coefficient for the Civan Power Law equation is found almost equal to one in all the cases whereas the regression coefficients for KozenyCarman Equation and Empirical correlation by Wellman et al. [2] and Izgec et al. [3] are lower than Civan's equation. Temperature. 
